We formalize Salih et al's Counterfactual Communication Protocol (arXiv2018), which allows it not only to be used in with other modes than polarization, but also for interesting extensions (e.g. sending superpositions from Bob to Alice).
Introduction
Counterfactual communication makes use of the amazing property of quantum objects to self-interfere; to change their eventual destination based on not just the path the object has travelled on, but all other paths open to it. To our normal scale, this seems incoherent -as if a person walking, on going down one side of a fork in the road, can still "know" whether the other side leads to a dead end. Despite a series of doubts about the 'counterfactuality' of these schemes, one has finally been created by Salih et al [1] that fulfills the three accepted key criteria -a photon arriving at Alice's detectors for both a '0' and '1' result; no weak trace of the photon on Bob's side; and no family of consistent histories placing it at Bob. However, that protocol has the issue of being routed in polarization, making it difficult to implement physically. Here, we abstract it to a modal form, then show how it can then be put into a path-basis, massively easing implementation, and allowing further exploration of it.
Protocol Specifics
We abstract from Salih et al's polarisation-specific form of the protocol [1] to the modal one, with three modes, A, B and C, as per Fig. 1 . Mode A is the channel into which the photon is introduced -with initial state |A I 1 . The photon ending in mode A causes a detection in the detector D 0 , corresponding to a bit of value 0 being sent. Mode B, here, is the path within the inner interferometers that does not go to Bob, with Mode C as the one which does. The photon ending in mode B causes a count at detector D 1 (a bit of value 1), and it ending in mode C causes a count in detector D 3 (in which case the protocol is aborted and restarted). Further, we have the loss mode channels, 1, 2...K, which represent the loss of the element of the photon from mode C incurred when Bob blocks, for each of the K cycles (inner Mach-Zehnder interferometers) of the protocol.
Onto these modes, we enact various unitaries. The first of these isÛ BC , performing a rotation of θ between B and C (representing each HWP2 operation between the two). By our set-up, we define θ = π/2K.
The third and final unitary used here isX Cn , the Pauli X operator, swapping mode C with loss mode n (while keeping A, B, and all other loss modes the same) byX Cn = |n C| + |C n| + 1 A,B,{i} (k,∀i =n) .
Depending on whether Bob is blocking or not blocking mode C, the protocol is represented via operators in one of two ways:
Not Blocking: When Bob is not blocking, the K cycles of the interferometers act as K applications ofÛ
BC . Given the definition of θ , this overall acts asÛ
BC (a rotation of π 2 between B and C). This operates onÛ
AB |A I , where |NBl K F is the final state of the system after a full run of the protocol when Bob doesn't block. This is always counterfactual as the 0-bit is only recorded when the photon is found in mode A -for which there is now way for it to have been to Bob's blockers and back.
Blocking: When Bob blocks, each of the K cycles acts as the combination ofX Cn andÛ
BC -first a rotation of θ from B to C, then a swap between C and loss mode n. Therefore, the application of K cycles, acting on U
AB |A I , where |Bl K F is the final state of the system after K cycles of the protocol. This is always counterfactual as, if the photon goes into Bob's channel (C) and encounters the blockers, it is always absorbed by them, meaning a 1-bit, from Mode B, can never have directly encountered Bob.
Performing Protocol On-Chip
The proposed demonstration of the protocol would be done on Carolan et al's Universal Linear Optics chip. [2] On such a device, the parameters necessary to allow the chip to operate the protocol can be programmed in easily and quickly, saving the time and cost needed to separately manufacture such a device using integrated silicon photonics, or the massive time and effort needed to undertake such a thing in bulk fibre or free-space.
The blue MZIs in the figure implement an identity, the red MZIs are tuned to allow partial (the first one from the right being tuned to a φ rotation, and the others to a θ rotation), and the green MZIs being either tuned to rotate by π 2 (Blocking) or 0 (Not Blocking). This illustrates how up to k = 4 can be achieved. By using only the bold MZIs, setting everything else to the identity and the setting the blocker to be a 50:50 beamsplitter it would also be possible to send a superposition state counterfactually. The bottom right MZI (brown) would then be used to perform full state tomography on Alice's qubit.
Conclusion and Outlook
The work done above allows true counterfactuality to be implemented and examined far more easily -and, by giving a method for sending superpositions, hints at the possibility of entangling photons counterfactually. All these factors make this protocol seem the best way we have for examining the final primitive of quantum mechanics -counterfactuality.
